Introduction
============

For the normal hearing listener, the ability to understand speech in quiet is preserved as long as the speech is clear and audible. However, understanding speech in adverse listening conditions such as noise and reverberation is a difficult task, especially, for the elderly listeners.[@B1],[@B2] Results of previous studies suggest that older listeners had poorer performance on speech understanding tasks than young listeners.[@B2],[@B3],[@B4],[@B5] Findings from these studies suggested that age-related deficit in the peripheral auditory system, such as presbycusis, is the primary cause of speech understanding difficulties in older listeners. Hearing loss not only reduces the audibility of speech heard, but it may lead to distortion[@B6] to the perceived sound due to abnormal spectral and temporal resolution.[@B1] These changes impair the quality of signals received for processing by the higher level perceptual system, causing a bottom-up decline of signal processing.

Peripheral hearing loss alone, however, does not explain the speech understanding problem experienced by older adults when listening in degraded listening environments such as in noise because difficulty with speech perception may occur even in the presence of normal hearing thresholds.[@B7] Furthermore, speech perception is usually poorer in older adults than those in young adults with similar degree of hearing loss.[@B8] The Working Group of the Committee on Hearing and Bioacoustics and Biomechanics of the National Research Council[@B9] proposed that in addition to the elevated hearing threshold, declines of central auditory system and cognitive functions also contribute to age-related deterioration in speech understanding.

Changes in central auditory processing contribute to speech perception difficulties in noise experienced by older adults. For example, studies using a gap detection test, a measure of temporal resolution ability have shown that older adults, independent of their hearing sensitivity, performed poorer in comparison to their younger counterparts.[@B10],[@B11] Poorer temporal resolution ability among the elderly partly explains the speech perception difficulty of the older adults because good temporal resolution ability is crucial to identify phonetic contrasts[@B12] as well as to help in understanding speech in background noise.[@B13]

Age-related cognitive changes have also been attributed to speech understanding difficulties in older listeners.[@B7],[@B14],[@B15] Cognitive processes refer to how information is acquired, stored, manipulated and used.[@B16] The cognitive processes that have been shown to decline with age include working memory capacity,[@B17],[@B18] attention control[@B19] and speed of processing.[@B2],[@B14] In order to correctly comprehend a sentence, listeners must be able to encode, and temporarily keep earlier heard words while simultaneously engage in the on-going processing of later words. The effect of reduced working memory capacity in speech understanding is more prominent in adverse listening conditions such as when listening in noisy environment. In such a condition, more cognitive resources are required for listening, which may reduce the working memory resources for linguistic and cognitive processing.[@B20] The involvement of perceptual and cognitive systems in speech perception can be considered as a multitasking system.[@B20] Minimal cognitive resources are required when listening to clear speech. However, when speech signals are degraded, more attention would be devoted to recover information lost in the noise. This will impair the efficiency and speed of other processes such as retrieval and storage of on-going speech, which are important in speech comprehension.

Recently, an functional MRI study has compared cortical mechanisms involved in speech perception in quiet and in noise conditions by young and older adults.[@B21] Their findings showed reduced activations in auditory cortex but an increased in working memory and attention-related cortical areas in older subjects, especially in noisy listening condition. Furthermore, while younger listeners displayed a more streamlined cortical network of auditory regions during speech processing in noise, older subjects showed more diffused activities involving general cognitive areas. In addition, the study also found that increased cortical activities in cognitive regions are positively correlated with behavioral speech perception performance in older adults. These findings are in line with the notion of a more intensive cognitive involvement when listening in noise than in quiet conditions.[@B20]

Despite the abundance of research on the age-related decline on speech perception in noise, limited information is available on the effect of age on speech perception when noise is perceived in different ears. It is reasonable to speculate that in binaural listening condition, when noise is presented to the right ear, a condition, which results in more reliance on the left ear, it will be harder especially, for the older adults to perceive speech compared to when noise is presented to the left ear. That is, the effect of age on speech perception in noise is likely to be greater when noise is directed to the right ear than the left ear. This speculation is based on increasingly more difficulties focusing attention on the left ear with advancing age during dichotic listening tasks.[@B22]

The objective of the present study was to examine the effect of age on speech perception using the Malay Hearing in Noise Test (HINT)[@B23] at threshold level. Specifically, the goal was to determine whether the effect of age is present in all noise conditions. In particular, this study sought to find out whether the effect of age on speech perception differs when noise is perceived from the front or either from the right or left ear. Investigation of this effect is important to provide some information of whether ageing affects speech recognition in noise differently when noise originates from different directions.

Subjects and Methods
====================

Participants
------------

The study involved 60 adult native Malay speakers who reported no past or present history of neurological problems. They were divided into three different age groups consisting 20 participants each: 1) young adults aged 21-39 years (mean age=24.60±5.21 years), 2) middle-aged with age ranged between 40-59 years (mean age=46.65±5.43 years), and 3) older adults ranged in age from 60-74 years (mean age=64.85±5.21 years). All participants had bilateral normal or mild hearing loss with pure tone thresholds not greater than 25 dB HL at octave frequencies of 250 to 2000 Hz and 40 dB or less at 4000 Hz, and normal middle ear function with type A tympanogram.[@B24] All of them self-claimed to be right handed. They were recruited by means of advertisements and word of mouth. All participations were on a voluntary basis. Participants did not receive any compensation for taking part in this study.

Although, recruiting participants with matched level of hearing thresholds is ideal in a study that examines the effect of ageing on speech perception, however, this threshold-match is not easy to obtain. Sloping high-frequency sensorineural hearing loss which characterizes presbycusis is rarely found in young individuals.[@B6] Therefore, finding younger individuals with such a configuration is difficult.[@B5],[@B25] Similarly, it is very difficult to find older adults with normal hearing as seen in younger subjects. As elevation of auditory threshold in older adults is likely to affect speech perception performance,[@B5] in this study the potential effects of hearing loss are controlled through performing, for each measure, analysis of covariance, with the four frequency (0.5, 1, 2, and 4 kHz) average hearing threshold as the covariate. Previous studies have also used similar method to control the possible effect of hearing threshold on the results.[@B5],[@B26]

Stimuli
-------

The Malay HINT,[@B23] an adaptive open-set speech recognition test, was used to determine the reception threshold for sentences (RTSs). The HINT was delivered using HINT hardware routed through Pro 7.0 Audiometric System (Bio-Logic Systems Corp, Mundelein, IL, USA) coupled to a computer desk top and supra-aural TDH 39 headphones. HINT is equipped with audio sound processing that simulates the source locations for the speech (0°) and noise (0°, 90°, and 270°) azimuths by processing the speech and noise materials with digital filters prior to headphones presentations.[@B27] The Malay HINT consists of 12 phonemically balanced lists of 20 short Malay sentences spoken by a male native Malay speaker. Each sentence has between four to six words and is graded at first grade reading level. The noise used in HINT is steady state, which matched the average long-term spectrum of the sentences. During testing, the sentences were only played once, and the subjects were encouraged to repeat the complete sentences and also to guess if they were unsure of the sentences heard. Sentences were scored as correct if the listener repeated all the words correctly.

Procedure
---------

The HINT was conducted in a single walled sound treated booth using headphones in four different conditions: in quiet (HINT Q), noise perceived from front (NF), noise perceived from right (NR), and noise perceived from left (NL). In all test conditions, speech was presented from the front. The participant was instructed to repeat each of the sentences presented. The tester scored the sentence as correct if the participant repeated the whole sentence correctly. HINT was conducted using the adaptive technique whereby the intensity of the speech signal was adjusted according to the subject\'s responses. One list of 20 sentences each was used to determine the reception threshold for sentences (RTS) for each HINT conditions. For HINT (Q), the first sentence was presented at the listener\'s three frequencies average hearing thresholds (0.5, 1, and 2 kHz). If the sentence was not repeated correctly the sentence was presented again, and the intensity was raised by 4 dB increments until the listener heard it correctly. Subsequence sentences were presented once each. For sentences 2 to 4, the intensity was increased following incorrect sentence repetition or lowered by 4 dB if sentence was correctly repeated. For sentences 5 through 20, the level was varied in 2-dB steps depending on the listener\'s response. RTS was calculated based on the average presentation level of the 5th through the 20th sentences and the level at which the 21st sentence would be presented.

For the measurement of RTS for HINT in noise conditions, noise level was fixed at 65 dBA, while speech intensity was raised or decreased depending on the listener\'s response. The first sentence was presented at 61 dBA for HINT (NF), and at 55 dBA for the other two HINT in noise conditions. The presentation steps during testing were automated by the Malay HINT software.

The order of presentation of the HINT conditions was randomized across participants. All participants were tested in a single test session. The procedure, including the preliminary tests, took about 1 hour.

The experimental protocol and procedures in this study were approved by the Universiti Kebangsaan Malaysia Research Ethics Committee (approval number NN-038-2013).

Data analysis
-------------

For each HINT condition, a one way analysis of variance (ANOVA) was conducted to find out the effect of age on speech perception ability. Since there was a trend of poorer hearing threshold with age, it is possible that the significant differences between age groups revealed by the ANOVA analyses was attributable to poorer hearing thresholds seen in the older age groups. Therefore, to examine the effect of hearing thresholds and age group on RTSs, an analysis of covariate (ANCOVA) was employed. In this analysis RTS was used as a dependent variable, age group as a fixed factor and the mean four frequency average (FFA) hearing threshold as the covariate.

Results
=======

Hearing thresholds
------------------

Sixty participants consisting of 20 subjects in each age group enrolled in this study. [Table 1](#T1){ref-type="table"} shows the mean ages, FFA hearing threshold for the right and left ears and standard deviations (SDs) for each group. There was a trend for age-related decline in hearing thresholds. A one-way ANOVA revealed significant differences between age groups \[F (2, 57)=30.88, *p*\<0.001\]. Scheffe posthoc analysis indicated that the groups\' FFA hearing thresholds significantly differed from each other (*p*\<0.01).

The effect of age on RTS for HINT in quiet
------------------------------------------

One way ANOVA analysis with RTS as a dependent variable and age group and the independent variable show a significant effect of age \[F (2, 57)=16.08, *p*\<0.001\]. A one-way ANCOVA with average hearing threshold as a covariate was conducted to control the effect of hearing threshold. The result revealed a significant effect of hearing thresholds on the RTS measured in quiet condition, signifying that higher mean FFA hearing threshold was related to higher RTS \[F (1, 56)=32.69, *p*\<0.001\]. When the effect of hearing threshold was controlled, no significant effect of age group on RTS (*p*\>0.05) was found, indicating that RTS for HINT in quiet was related to hearing threshold but not to age group.

The effect of age and direction of noise on RTS
-----------------------------------------------

The differential effects of age and hearing threshold on RTSs for HINT in noise differ depending on the noise location. For HINT (NF) condition, the effect of age group was significant \[F (2, 56)=7.22, *p*\<0.01\], while hearing threshold had no significant effect on RTS. Pair-wise comparisons revealed that the older adults group had significantly poorer RTS than both the middle aged \[t (56)=3.61, *p*\<0.001\], and young adults \[t (56)=3.24, *p*\<0.01\]. There was no significant difference between the mean RTSs of the two younger groups (*p*\>0.05), signifying that performance in noise front dropped significantly after 60 years old.

The one-way ANOVA to assess the effect of age group on the RTS for HINT (NR) revealed a significant effect of age \[F (2, 52)=17.89, *p*\<0.001\]. ANCOVA with the average hearing threshold as a covariate revealed that the RTS for HINT (NR) was significantly influenced by both hearing threshold and age group. Poorer hearing threshold was associated with higher RTS \[F (1, 56)=4.88, *p*\<0.05\]. The effect of age group persisted, even after controlling the effect of hearing threshold \[F (2, 56)=3.62, *p*\<0.05\]. Pair-wise comparisons showed that the older adults group had significantly poorer adjusted mean RTS than young adults \[t (56)=2.69, *p*\<0.01\], but no significant difference was observed between the adjusted mean RTSs of the older adults and the middle-aged groups. Neither was there significant difference between the adjusted mean RTSs of the young and middle aged groups, suggesting that difficulty listening with NR significantly declined after 60 years old.

For HINT (NL), one way ANOVA with age group as an independent variable revealed a significant main effect of age \[F (2, 57)=7.11, *p*\<0.01\]. ANCOVA with the average hearing threshold as a covariate showed that the RTS for HINT (NL) condition was significantly influenced by hearing threshold \[F (1, 56)=4.18, *p*\<0.05\], implying higher hearing threshold was associated with higher RTS. The effect of age group disappeared after controlling the effect of hearing threshold, signifying that RTS (NL) was mostly influenced by hearing threshold rather than age. [Fig. 1](#F1){ref-type="fig"} summarizes the adjusted mean values of RTS for HINT(Q), HINT (NF), HINT (R), and HINT (L), with the mean FFA hearing thresholds factored out.

Spatial release from masking (SRM)
----------------------------------

The magnitudes of the spatial release from masking (SRM) in HINT (NR) and HINT (NL) conditions were calculated by subtracting the RTSs in noise right and noise left from RTS in noise front, respectively (e.g., SRM noise right=RTS noise front-RTS noise right). [Fig. 2](#F2){ref-type="fig"} shows the SRM achieved in noise right and noise left conditions, across age groups. A mixed design ANOVA revealed neither significant effect of noise perceived location nor age group (*p*\>0.05), indicating that the magnitudes of SRM were similar across noise perceived location and age groups. In addition, there was no significant correlation between the mean FFA hearing threshold and SRM values, which suggests that hearing loss did not impair the benefit from spatial separation of noise.

Discussion
==========

The main aim of this study was to examine the age-related performance difference in RTSs obtained using adaptive method by mean of HINT (Q) and in three noise conditions, i.e., NF, NR, and NL, by controlling the hearing thresholds.

The first question addressed in this study was whether the RTSs in quiet and in noise by the young, middle-aged and older adults were different from each other. There was a general trend for increased in RTSs with increasing age in all HINT conditions. Interestingly, however, the effect of age remained in only some of these conditions when the mean FFA hearing threshold was factored out. For HINT in quiet, when the three groups were equated for mean FFA hearing threshold, their RTSs did not differ significantly. This signifies that the worsening of RTS with increasing age was associated to impairment of the peripheral hearing loss experienced by the older age groups. This finding is expected because listening to simple sentences such as those used in the present study, in quiet does not overtax the cognitive function. Therefore, the performance largely depends on the clarity of the signals at input level.[@B20] This finding lends further support to earlier investigation which found that peripheral hearing loss contributed to reduce speech reception threshold in quiet.[@B24]

In contrast, for HINT (NF), a robust effect of age group on RTS was found even after hearing threshold was factored out. The older adults group, regardless of hearing thresholds, required approximately 2 dB greater signal to noise (SNR) to recognize 50% of the sentences than both the young and middle-aged groups, when both speech and noise were perceived from the front. Given that the means RTS of the young and middle-aged groups did not differ significantly from each other and that both differed from the older adults group, suggest that age related decline in listening in noise is more noticeable after 60 years old. This finding suggests that the decrement in speech perception in noise found in the older adults group is attributable by factors other than hearing thresholds, such as the decline in cognitive and central auditory processing functions associated with ageing.[@B2],[@B7],[@B15],[@B28] Unlike listening to speech signals in quiet, which largely depends on bottom-up processing, listening to speech in the presence of background noise heavily relies on cognitive function.[@B7] This is because listening to degraded speech, such as when listening in poor SNRs, increases demand on cognitive functions such as attention and working memory to make up for the lost in acoustic information and perceptual processing.[@B20] Thus, ageing which is known to be associated with a decline in cognitive function and auditory processing is likely to affect listening performance in this condition. However, the contribution of cognitive and central auditory deficits to the difficulty with speech perception in noise among older adults in this study cannot be ascertained as there was no auditory processing or cognitive tests included.

Although the majority of previous studies on spatial processing suggest that SRM declines with age, there are other studies which find otherwise.[@B29] Dubno, et al.[@B30] who studied spatial processing in young adults with normal hearing, old adults with normal hearing and old adults with hearing impairment found that both aging and hearing impairment reduce spatial processing ability. A more recent study investigated the effects of hearing impairment and aging on spatial processing in a group of participants aged from seven to 89 years and hearing thresholds ranging from normal to moderately severe hearing loss. Their results revealed that spatial processing is significantly affected by hearing impairment but not by aging.[@B30] The present study in that aging is not related to spatial-processing ability partially concurs with the findings of Glyde, et al.[@B31] The lack of significant effect of hearing level on spatial processing found in this study could be due to differences in methodology and or participants\' hearing level. The fact that all age groups in the present study benefited similarly from perceived spatial separation further supports that poorer speech perception in HINT (NF) observed in the older adults group is attributed by poorer processing and cognitive function rather than poorer hearing thresholds.

Both FFA hearing threshold and age had significant effects on RTS for HINT (NR). These findings suggest that RTS for HINT (NR) is affected by hearing loss and age acting in tandem and that poorer RTS in this listening condition observed in older adults is more than the simple consequence of hearing threshold elevations. In HINT (NR) condition, spectrally matched noise was presented at 65 dBA and perceived in the right ear while sentences were presented at a relatively lower level at a simulated 0° azimuth (at the front). This condition generally produced a perceptually greater SNR and \"cleaner signal\" in the left than the right ear. Although the neural pathways from the two ears project to both auditory cortices, the input from the contralateral ear produces a stronger representation in the auditory cortex and could suppress information from the ipsilateral ear.[@B32] It is also an established fact that in most people left hemisphere is dominant for language processing.[@B33] Based on these premises, in HINT (NR), sentences heard from the left ear are mainly routed to the right hemisphere before they are transferred through the corpus callosum to the left hemisphere to be processed, whereas noise delivered to the right ear is routed to the left hemisphere. Age-related degenerative changes of corpus callosum seen in older adults[@B34] may result in loss of information when competing signals are present. Poor signal quality that reaches the left hemisphere causes a low signal-to-noise ratio that may degrade signal processing. Partly because of the decrease in hearing sensitivity, the clarity of acoustic signal throughout the auditory system is expected to be degraded in the older listeners. It is suggested that this degradation in the signal clarity contributes to the speech perception problems in noise reported by many older adults and as observed in the present study. Furthermore, from the top-down view, perception of degraded speech such as that in low SNR is also influenced by cognitive factors such as selective attention, speed of processing and working memory that are known to decline with age.[@B15],[@B17],[@B35]

It is interesting that in comparison to HINT (NR), the RTS for HINT (NL) was affected by FFA hearing threshold but not by age group. This implies the reliance of HINT (NL) on bottom-up rather than top-down processing. Given that the contralateral pathways from the ears to the auditory cortices are more prominent than the ipsilateral routes and the left cerebral dominance in language processing HINT (NL) provides a more conducive listening than HINT (NR). First, the sentences that are presented to the right ear will be directly routed to the left hemisphere, which is dominant for language processing, hence better quality signals are made available for processing. Second, processing of sentences by the left hemisphere is easier because most of the noise is routed to the right hemisphere, thus producing a better SNR in the left hemisphere. The relatively more favorable listening provided in HINT (NL) condition resulting from the efficient bottom-up processing may minimize the reliance on the top-bottom processing, and hence explain the lack of age effect on the RTS. This explanation is supported by previous studies, which consistently showed that the effect of ageing significantly impaired the performance of the left ear during dichotic listening, while the right ear performance remains relatively unaffected.[@B18],[@B28]

Overall the results of the present study agree with that of Divenyi and Haupt[@B25] in that speech understanding deficits in older adults can be classified into two categories. The first category encompasses auditory measures that exhibit a different between older adults and young subjects only when the effect of hearing level is present. The second comprises measures exhibiting a robust age effect even after the effect of hearing sensitivity is factored out. The present study suggests that the deterioration in performance observed in older age groups under HINT (Q) and HINT (NL) was primarily due to a declined in the peripheral hearing thresholds. On the other hand the performance deficits in HINT (NF) and possibly (HINT NR) conditions were mainly due to a decline of processes, other than hearing acuity, associated with ageing.

Conclusion
==========

Taken together with the results of previous findings,[@B25] the clinical implications of the present study is that listening with noise from front or possibly from the direction of the right ear might requires greater cognitive loading compared to when noise is coming from the left side. Subsequently, older individuals might have greater difficulty listening with noise coming from the right than from the left ear.

Despite of the statistical significance of the effect of age on HINT (NR), however, it is important to note the present study did not include any cognitive or central auditory test battery. Future studies should examine cognitive measures such as working memory capacity and attention as well as auditory processing tests to assess the relationships and interactions between those variables as explanatory factors to the decline in speech perception performance in noise in older adults. In the present study all participants in the young adults group had normal hearing, and the effects of aging and hearing loss were investigated using hearing level as a covariate. A better method would be to also include young hearing-impaired listeners as participants.
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